ABSTRACT: Fish often escape from aquaculture operations, raising concerns of interactions with wild individuals. Farmed fish from genetically diverse populations grown outside their native range create the threat of outbreeding depression if they escape and interbreed with wild fish. Atlantic cod Gadus morhua spawn within cages, releasing millions of embryos into the environment, some of which may live to reproduce. Due to selective breeding, fewer breeding individuals are used in culture relative to wild populations, potentially leading to inbreeding within single cages. If inbreeding reduces survival, this could reduce the likelihood of outbreeding depression if maturing escaped cod mate with wild cod. Forced inbreeding could be used to mitigate some effects of aquaculture on the environment. We aimed to determine if cod inbreed and, if so, what short-term effects inbreeding has on offspring. Spawned embryos from tanks of sister− brother− unrelated male trios underwent microsatellite analysis to determine parentage. Inbreeding occurred, and females did not prefer one type of male over the other. Percent hatch, deformities, larval size, and mortality were monitored in artificially fertilized inbred and unrelated crosses. Percent hatch was higher in non-inbred offspring, but inbreeding had no significant effect on the other factors.
INTRODUCTION
The aquaculture industry is growing as the global production and demand for fish continues to increase (Naylor et al. 2000 , Brander 2007 . As with any industry, there are environmental concerns, including disease transmission (Heggberget et al. 1993) , pollution from animal waste and excess feed (Ackefors & Enell 1994 , Kelly et al. 1996 , and the use of large quantities of wild fish as feed (Naylor et al. 2000) . Another concern is the escape of farmed fish and their possible negative interactions with wild fish (Thorstad et al. 2008 ). In the case of Atlantic salmon Salmo salar, occurrences of escapes have been reported in a number of countries, in small or very large numbers (Naylor et al. 2005) . Farmed Atlantic salmon currently outnumber wild salmon, and escapees represent up to 50% of fish in spawning populations in Norwegian rivers (Skaala et al. 2006) . Outbreeding depression (see below in this sub section) has been reported as a result of spawning between escaped and wild salmon (McGinnity et al. 2003) , and the progeny of farmed-wild salmon offspring have been shown to be less fit than their non-hybrid wild counterparts (McGinnity et al. 2003) . Much less is known for similar issues with other cultured species, including Atlantic cod Gadus morhua. Cod also happen to have a much higher rate of escape than salmon, because, among other things, they actively bite at the cage netting (Moe et al. 2009 , Zimmermann et al. 2012 . For example, from 2001 to 2009 Norwegian Atlantic salmon escaped at a rate of 0.19%, while cod escaped at a rate of at 1.02% (Jensen et al. 2010 ). However, cod pose an additional problem. Unlike farmed salmon, which will not spawn in sea cages, Atlantic cod do (Bekkevold et al. 2002 , Jørstad et al. 2008 ). In the wild, cod form spawning aggregates for a period of roughly 2 mo in the winter. They are broadcast spawners, and provide no parental care for their offspring (Hutchings et al. 1999) . The females are repeat spawners, and produce an average of 8 batches over the course of the spawning season, releasing millions of eggs over a few months (Bekkevold et al. 2002) . The chosen male ventrally mounts the female, matching her speed, and grasping her with his pelvic fins; they align genital pores and release their gametes (Brawn 1961a) . Other males may eject sperm near the mating couple in an attempt to fertilize some eggs-these males are referred to as satellite or 'sneaker' males (Nordeide & Folstad 2000 , Rudolfsen et al. 2005 . In the wild, while a female may spawn millions of eggs in a single spawning season, only a few will ever reach maturity (Svåsand et al. 2000) . Given that farmed cod spawn in the cages, embryos with cultivated cod genes drift out of sea cages into the environment, escaping through spawning (Jørstad et al. 2008 , Jensen et al. 2010 ). If they survive, they may interact with wild cod with possible negative implications, including competition for food and other resources, mating competition, and outbreeding depression (Hansen et al. 2008) . If the fish have been intensely selected for domestication, they can introduce domestic adaptations that disrupt local adaptations of wild cod (Hindar et al. 1991) .
Outbreeding depression occurs when genetic differences of interbreeding populations produce offspring with reduced fitness as a result of incompatible genes, often in the form of lost local adaptation (Dobzhansky 1950 , Edmands 1999 . For example, they may be more vulnerable to changes in the environment (e.g. changes in water temperature, predation, disease, food availability) (Fleming et al. 2000 , McGinnity et al. 2003 , Weir et al. 2005 , Jensen et al. 2010 . Outbreeding depression can happen when non-native farmed fish escape from sea cages and spawn with a local wild population ). In the case of Atlantic cod, this includes escaped embryos that survive and mature. Cultivated species may be grown outside of their natural range (e.g. Atlantic salmon in Chile) or within their range (e.g. Atlantic salmon in Norway) (Bekkevold et al. 2006) . At a finer scale, farmed individuals may be raised within the natural species range, but the specific population under culture may not be from the local area. Thus, the captive fish may be genetically adapted to a set of unique environmental conditions different from those of the cage site (Read & Fernandes 2003) , where they are fed, medicated for diseases, and protected from predators (Read & Fernandes 2003 , Bekkevold et al. 2006 . If escaped fish interbreed with wild ones, local adaptations of the wild fish may be disrupted through introgression in the hybrid offspring, reducing their fitness (Read & Fernandes 2003 , Bekkevold et al. 2006 . This has been seen in populations of Northwest Atlantic salmon, where the farmed broodstock originated mainly from wild salmon in non-acidified rivers. However, the rivers that many escaped salmon have inhabited over time are acidified and contain locally adapted wild salmon . When the escaped farmed salmon spawn in the wild, the hybrid offspring have been found to be maladapted and to suffer decreased survival rates . Interbreeding between non-local cultivated and wild Atlantic cod could have similar results. Due to past fishing efforts, many wild cod populations are already struggling (Hutchings 1991 , COSEWIC 2010 , and interbreeding with escaped farmed cod, whether inbred or not, could be detrimental to their overall survival. Aquaculture could be responsible for 2 means of genetic pollution through introgression: the introduction of both farmselected, and also potentially non-native genes into wild populations (McGinnity et al. 1997 , Edmands 1999 . It is therefore important to minimize interactions between farmed and wild cod.
Several strategies for reducing the reproductive abilities of farmed cod have been explored. Photoperiod manipulation, which hinders farmed Atlantic salmon from maturing, has been attempted with Atlantic cod without success (Trippel et al. 2011a) . Triploidy can be used to create females that do not mature, but is not effective for males, which would be capable of spawning with wild cod if they escaped (Feindel et al. 2011) . In this study we explored forced within-cage single generation inbreeding as another possible tool to mitigate the long-term effects of escaping embryos on wild cod populations, should inbred offspring face significantly reduced fitness and survival. Although there is currently no commercial cod farming in Canada, besides those dedicated to selective breeding (Trippel et al. 2011b ), stocking of juveniles in sea cages in New Brunswick used to be performed in such a way that 95% of the cod were likely to have been produced by 2 females and the remaining 5% from opportunistic spawners; the potential for inbreeding was high (G. Nardi, Great-Bay Aquaculture, pers. comm. 2011). The same scenario would likely exist again if production of fish for market recommences. There are possibly 1000s of related cod within a sea cage, which already creates a large potential for inbreeding, but also enables stocking strategies to be arranged such that any embryo production from cages would have to come from full sibling matings.
Typically inbreeding, the mating of closely related individuals, results in inbreeding depression, a reduction of offspring fitness for any number of given traits (Kincaid 1983) . Studies have shown that inbreeding in fish, even at the half-sibling level, can result in reduced egg fertilization, decreased survival of larvae, and smaller sized offspring (Mrakov<i< & Haley 1979 , Auld & Relyea 2010 , as well as an increase in the occurrence of deformities in rainbow trout (Aulstad & Kittelsen 1971 , Aulstad et al. 1972 , Mrakov<i< & Haley 1979 . Growth rate, body weight, and food conversion efficiency at different stages of development have also been affected by inbreeding depression (Kincaid 1976a ,b, Gjerde et al. 1983 . Inbreeding is particularly common in aquaculture, where the desired selection of specific traits may narrow the number of viable candidates for broodstock development. Eknath & Doyle (1990) found that using fewer breeders in a broodstock can result in reduced genetic variation as a result of inbreeding. Inbreeding depression has been seen in captive rainbow trout (Su et al. 1996) , and the potential exists for inbreeding depression among haddock as well, if no wild broodstock are used to enhance genetic variation periodically . If the effects of inbreeding in cultivated Atlantic cod are severe enough, inbreeding could potentially be used as a tool to mitigate the effects of escaping cod embryos from sea cages. By only stocking grow out cages with related fish, the resultant first generation of inbred embryos that drift out after spawning may face decreased hatch success, higher incidence of potentially lethal deformities, and less likelihood of reaching maturity, all of which could reduce the risk of farmed offspring interacting with wild cod (Kincaid 1983) . However, the implications of even a few inbred offspring surviving and interbreeding with wild cod must be seriously considered. Farmed fish already pose a threat to hybrid offspring survival (McGinnity et al. 2003) . Factors that could play an important role in cod reproduction are the ability of cod to recognize related individuals, and the mechanisms behind mate selection. Kin recognition and mate choice may be of particular importance when it comes to the potential for inbreeding among spawning cod in cages. While some species of fish, juvenile salmonids and threespine stickleback Gasterosteus aculeatus for example, are thought to be able to recognize related individuals (Fitzgerald & Morrissette 1992 , Ward & Hart 2003 , other species, such as haddock Melanogrammus aeglefinus and guppies Poecilia reticulate, do not appear to share this ability (Viken et al. 2006 ). It is not yet known whether cod can recognize related individuals, or if this would affect their mate choice.
Previous research has been undertaken on inbreeding in various marine species, and on deformities in cod and other fish, but this is the first study to our knowledge to examine the occurrence of inbreeding among cultivated Atlantic cod and the direct effects on first generation offspring. The objectives of this study were to investigate the feasibility of inbreeding as a tool to reduce the genetic impacts of escapes through spawning on wild cod populations, particularly outbreeding depression. To do this we needed to determine whether or not Atlantic cod inbreed in captivity and to examine the effects of inbreeding on offspring characteristics. Given that we do not know whether or not Atlantic cod are capable of kin recognition, we hypothesized that female cod do not differentiate between potential mates based on relatedness, and predicted no bias toward unrelated males over related males. We also hypothesized that inbreeding results in reduced offspring survival and poor offspring quality (i.e. higher mortality, reduced size, and higher incidence of deformities) compared to non-inbred offspring. If inbreeding occurs and significantly reduces the likelihood of offspring fitness, we propose that further research could be done to determine whether or not this reduction in farmed offspring survival could reduce the overall occurrence of outbreeding depression that can result from farmed−wild cod hybridization.
MATERIALS AND METHODS

In vivo spawning experiment -Will cod inbreed?
The study specimens of Gadus morhua were fish from the Atlantic Cod Genomics and Broodstock Development Project (Cod Genome Project, http:// codgene. ca; Trippel et al. 2011b) , created in 2005; they were reared in captivity and held at the St. Andrews Biological Station (Fisheries and Oceans Canada, St. Andrews, New Brunswick, Canada). Fish used were from F1 generation families created from the original wild broodstock, captured in the Bay of Fundy (Northwest Atlantic Fisheries Organization, Division 4X). The study specimens were fed a mix of herring Clupea harengus, northern shortfin squid Illex illecebrosus and Aesop shrimp Pandalus montagui for 1 yr prior to the start of the experiment and a marine grower diet prior to that; they were not fed for the duration of the spawning season (Fordham & Trippel 1999) . Fish were 4 yr old, with known family backgrounds, and had had successful spawnings in previous years. All individuals were weighed and measured in mid-January 2010, and Fulton's condition factor, which is important in cod mating, was calculated for each fish (K = W L −3 × 100; ± 0.1) (Kjesbu et al. 1996 , Trippel & Neil 2004 . Trios consisted of a mature female, a full-sibling brother, and an unrelated male. The trios were chosen by family background, and the males were matched by weight, length, and condition factor to reduce morphological features that may influence female mate choice or male dominance (Table 1) . On 3 February 2010, 30 cod were transferred from a holding tank and placed in their pre-assigned trios in ten 3000 l circular tanks (3 m 3 , 1.83 m diameter, and 1.17 m deep). Seven fish died during the experiment. Of the 4 tanks that had mortalities, egg batches were only collected from 1 of them (Trio 1 produced 1 batch before the female died). The 3 females that died were 'egg bound' (female fails to release eggs but continues to ovulate; Árnason & Björnsson 2012) . Some of the dead fish were replaced as there were suitable fish still in the holding tank. Replacements had to fit the family requirements (related or unrelated as needed), and had to closely match the other fish in the trio in length, weight, and condition factor (Rakitin et al. 2001) .
Each tank was equipped with a surface egg-collector that was checked daily for fertilized eggs, as well as a collector over the outflow pipe for dead eggs (Thorsen et al. 2003) . Eggs from the surface egg-collector were examined under a dissecting scope for fertilization; 20 embryos (minimum) from each batch were removed and preserved in 95% ethanol for genetic analyses. Additional embryos were preserved whenever quantities allowed. The embryos were almost all collected within 24 h of spawning. However, a few of the batches of embryos were only a few hours old at the time of collection. These embryos were incubated for no longer than 2 d to minimize differential losses due to different sires that could skew the parentage analysis (Saillant et al. 2001 , Trippel et al. 2005 . Average daily water temperatures during the experiment ranged from 5.7 to 6.3°C.
On 29 March 2010 the experiment was terminated and the fish were euthanized. The barbel was removed from each adult cod and preserved in 95% ethanol for genetic analyses.
DNA extraction
Tissue from the preserved barbels was used to genotype the adults, and embryos were used whole and intact. Adult tissue and embryo DNA extractions were performed following the Wizard SV 96 Genomic DNA Purification System protocol for animal tissues (Promega A2370), with a slight alteration. Instead of adding 250 µl of nuclease-free water to each well of the binding plate and incubating for 2 min, repeating for a total of 500 µl, we added 75 µl of nuclease-free water and incubated for 10 to 15 min, repeating for a total of 150 µl. DNA from the adult tissue was diluted to 25 ng µl −1 based on Nanodrop readings (Nanodrop ND-1000 Spectrophotometer, Thermo Scientific). Nanodrop readings for the embryos reported values that exceeded the margin of error for the reader.
Multiplex design and DNA amplification
A pre-existing protocol (Wesmajervi et al. 2006 ) was used as a guide, with slight alterations. Four microsatellites were used (Gmo8, Gmo19, Gmo35, and Gmo37) instead of the 5 in Wesmajervi et al. (2006) (Tch11 did not work in any of our attempts, and so was removed from the multiplex). Given that each embryo from any tank could only have 1 female and 1 of 2 possible fathers, the microsatellites used provided a power of exclusion of 100% in a population of 2 males. To increase the number of successfully genotyped embryos, we used Q PCR Master Mix (5 µl) (Quiagen), Q Solution (1 µl) (Quiagen), 3.6 µl of DNA template, and 0.4 µl of the primer Master Mix (concentration of each primer in mix: 0.6 µM Gmo8 forward and reverse, 0.5 µM Gmo19 forward and reverse, 0.5 µM Gmo35 forward and reverse, and 0.4 µM Gmo37 forward and reverse) for an amplification reaction volume of 10 µl. The polymerase chain reaction (PCR) was carried out in a BioRad C1000 thermo cycler, and the thermal cycling parameters were as follows: denaturation at 95°C for 15 min, 35 amplification cycles at 94°C for 30 s, 57°C for 90 s, and 72°C for 90 s, then after the 35 cycles, 72°C for 10 min, and down to 10°C to finish.
DNA analysis
Adult tissue PCR products were diluted 1:20 in nuclease-free water. Due to the low yields from DNA extractions of the small number of cells found in 1 to 3 d embryos, embryonic PCR products were analyzed without dilution. For a 10 µl reaction mix, we added 4 µl of the PCR product, 0.2 µl of GeneScan-500-LIZ size standard (Invitrogen), and 5.8 µl of HiDi Formamide (Invitrogen). The samples were heated for 3 min at 95°C and immediately placed on ice to cool before being placed in either a 3130 or 3730 Genetic Analyzer (ABI 3130 and 3730 DNA Analyzer, Applied Biosystems). Data from both the 3130 and the 3730 analyzers were compared to ensure that results did not differ between machines. Peak Scanner Software (Version 1.0, Applied Biosystems, 2006) was used to read the allele sizes, and parentage was assigned by matching allele sizes between adults and embryos within a trio. 
In vitro artificial fertilization -Do inbred cod have depressed fitness?
Gametes were stripped from 5 yr old captive Atlantic cod from the Atlantic Cod Genomics and Broodstock Development Project, provided by the Huntsman Marine Science Centre (St. Andrews, New Brunswick, Canada). Complete family history was known for these fish. Aquacalm (0.2 g l −1
; Syndel International, Vancouver, BC, Canada) was used to sedate fish before they were anaesthetized with MS-222 (76 mg l −1 , Aqualife TMS, Syndel Laboratories) (Butts et al. 2009 ). Once anaesthetized, the area surrounding the genital pore was wiped dry and pressure was applied to the abdomen to expel the eggs into a dry 1 l plastic beaker. Semen was collected from the males in a similar manner, using a dry 40 ml glass beaker, and making sure that no blood or urine entered the sample. Gametes were stored for no longer than 1 h before use, and were kept at 6°C immediately after collection.
Artificial fertilization was carried out in a refrigerated room at 6°C. All equipment was rinsed with UVsterilized salt water, and then dried and chilled. Egg batches from each of 14 females were divided in half, one-half fertilized with the semen of a full-sibling brother, and the other half with the semen of an unrelated male (Fig. 1 ). Eggs were placed in a large glass beaker (size of beaker was at least double the volume of eggs), and approximately 10 ml seawater was added. Semen was then pipetted directly onto the eggs at a ratio of 1 ml of semen for every 100 ml of eggs, stirred with a glass rod, and left for 3 min, after which the water level in the beaker was brought up to double the volume of eggs. After 10 min, excess sperm was removed from the embryos by rinsing them through a fine mesh net with 1 l of seawater. The embryos were then placed in a 1.5 l 'stock' beaker topped up with seawater. The embryos were left in the stock beaker to incubate overnight. Embryos from 14 females were artificially fertilized between 23 February and 31 March 2010. Among the 14 females, 10 families were represented (some females were sisters). Each family was considered a replicate.
Embryo deformities
For 7 of the females we were able to photograph their fertilized embryos at the 2-to 4-cell stages after overnight incubation and examined them for visual malformations in early cell cleavage patterns. In the remaining 7 crosses the embryos had already progressed past the 4-cell stage before they could be photographed. A small random sample of embryos was removed from the stock beaker. Samples consisted of approximately 20 embryos from each cross, and these embryos were photographed for visual analyses of asymmetrical development. Photographs of the inbred and unrelated embryos were analyzed for the presence of malformations in random order to reduce potential bias, and the average number of deformities per embryo was determined, based on pre-existing criteria (Shields et al. 1997 , Avery et al. 2009 Embryo rearing and percent hatch After overnight incubation, fertilized embryos, which float at the surface of the beaker, were divided into a maximum of four 250 ml beakers of seawater with 250 to 300 embryos in each (the exact number of embryos in each beaker was counted; some had fewer embryos due to lower fertilization success) (Fig. 1) . Where fertilization success was low, the embryos were divided into fewer than 4 beakers, but these beakers had an embryo density similar to that of crosses with higher fertilization success. The temperature was maintained at 6°C, and a 50% water change was performed daily for each beaker to maintain water quality. Any dead embryos (opaque and negatively buoyant) and hatched larvae were enumerated and removed daily enabling estimation of percent hatch.
Larval survival and quality
On the day of peak hatch (the largest single-day hatching event for each beaker), the larvae were randomly divided in half and placed into two 50 ml beakers of seawater. One of these beakers was used to monitor the time to starvation. Daily dead were 212 Fig. 1 . Gadus morhua. Illustration of artificial fertilization process. Eggs from each female Atlantic cod were equally divided by volume and crossed with sperm from a full-sibling brother or an unrelated male and incubated overnight. Embryos from each cross were divided equally into 250 ml beakers until hatch. At peak hatch the larvae from each beaker replicate were removed and subdivided into 50 ml beakers for measurement of deformities and time to starvation recorded and removed until all larvae had died. Fifty percent water changes were carried out every other day. Data from individual beakers were pooled for each male in every cross from peak hatch until 100% mortality was reached. The mean percent daily survival was calculated from the average of all inbred and unrelated crosses.
The other group was used to determine larval quality. On the day of peak hatch, 5 larvae were randomly selected from this group and photographed along the lateral view while under a dissecting scope so that they could be measured and examined for deformities. Larval measurements were taken at hatch and at 5 d post hatch (dph) using Image-Pro Plus (Version 5.1.0.20, Media Cybernetics) and included total body length, myotome height, eye diameter, yolk area (not including yolk sac), and jaw length at Day 5 only, once fully developed (Rideout et al. 2004 ).
Larval deformities
From the larval photographs taken at hatch, the presence and type of 4 possible deformities were recorded for each larva. Previous work on larval deformities mainly examined spinal deformities in larvae past the yolk sac stage (Aulstad & Kittelsen 1971 , Gjerde et al. 1983 , although a few studies identified various other deformities as well (e.g. jaw, finfolds, and yolk sac) (Hart & Purser 1995 , Kennedy et al. 2000 . Any characteristic that deviated from 'normal' (straight body, full yolk sac at hatch) was considered a deformity and included: bent tail end, bend in midsection, curved body, and malformed yolk sac, where the yolk appeared shrivelled or misshaped at hatch. The number of deformed larvae, the average number of deformities per deformed larva, and the occurrence of each type of deformity was recorded for each cross. Larvae were discarded after photographing. Where only 1 embryo hatched in a beaker, that larva was used to estimate time to starvation; no photographs were taken as handling may have affected survival. That cross was eliminated from all of the larval size measurement and deformities analysis.
Statistical analysis
Data for females that were in the same family were averaged for statistical analyses, as were data from the beakers for each male in a cross. Sample sizes were as follows: N = 10 independent comparison groups (20 half-sibling families) for embryo deformities and hatch data, and N = 9 for larval deformities, time to starvation, and size measurements. A paired t-test was used to compare differences between inbred and non-inbred offspring hatch data, and the occurrence of embryo deformities (arcsine-transformed proportions; Sokal & Rohlf 1995) . The same test was used on untransformed means to determine if there was a difference in the mean number of deformities per deformed embryo. A general linear model (GLM) was used to compare the prevalence of deformities among larvae using arcsine-transformed proportions (GLM: Deformities = β Cross × Cross + β Relatedness × Relatedness + ε), and untransformed means were used with the same GLM to determine if there was a difference in the mean number of deformities per deformed larva. The following GLM was used to analyze time to starvation between inbred and non-inbred crosses: Larval survival = β Cross × Cross + β Relatedness × Relatedness + β Day × Day + ε. Body length, myotome height, eye diameter, and yolk area were analyzed with the GLM: Measurement variable = β Cross × Cross + β Relatedness × Relatedness + β Day × Day + ε, to account for measurements taken at hatch and at 5 dph. An interaction term (Relatedness × Day) was included initially, but found not to be significant and, therefore, so was removed from the model. Jaw length, measured only at 5 dph, was analyzed using a paired t-test. A Bonferroni correction was applied to the size measurement data to account for multiple tests of size, with the resulting α = 0.01. Statistical analyses were performed using Minitab (Version 15.1.1.0).
RESULTS
In vivo competitive spawning experiment
Only 5 of the 10 trios of cod spawned. These trios produced 1 to 10 batches, with an average of 3.8 batches (Table 2) . Of the 19 batches from all spawning trios, single paternity was observed in 5 batches, all of which were fertilized by the unrelated male in each trio. Multiple paternity occurred in the rest of the batches (n = 14), some of which were dominated by the brother. The brother did not have sole paternity of any batches. There was a significant difference in the number of eggs fertilized by each male within a batch for all trios, with the exception of 2 batches in Trio 2, where each male fertilized approximately half the batch. For the majority of the batches, 1 male dominated spawning (Table 2) . Of the 5 trios that spawned, the unrelated male had the greatest fertilization success in Trios 1, 2, and 3, while the related male was dominant in Trios 4 and 5 (Table 2) . Inbreeding occurred in at least 1 batch for each trio.
In vitro fertilization experiment
The percent occurrence of deformities did not differ between embryos of inbred and non-inbred crosses (Table 3, Fig. 2) , or in the average number of deformities per deformed embryo. The 2 most prevalent embryo deformities were unequal cell size and asymmetry; approximately 20% of the embryos, inbred and unrelated crosses combined, had these 2 deformities (Table 4) . Incomplete intercell adhesion was the third most common, with 19% of all embryos examined showing this deformity, and poorly defined cell margins were seen in 14.9% of the embryos. The remaining deformities occurred in fewer than 7% of all the embryos examined. Similar results were found for the percent of larvae with deformities (Fig. 3) and the average number of deformities on each deformed larva ( Table 3 ). The most common larval deformity was a bent tail, affecting 66.9% of all the sampled larvae. Bent midsections were found on 22.5% of the inbred larvae and 7.7% of the larvae from unrelated crosses. Curved spines and malformed yolk sacs were equally prevalent, affecting 8.8% of the total number of larvae sampled. Table 2 . Gadus morhua. Number of batches produced by each trio of Atlantic cod that spawned and the number of genotyped embryos sired by each male per batch, and pooled for the trio (percent of total eggs for batch/trio shown in parentheses). A total of 19 batches were produced. The log-likelihood goodness-of-fit G-test was used to determine whether there was a significant difference in the proportion of embryos sired by each male within a batch (α = 0.05, df = 1 for all batches) The unrelated offspring of both females in Family 9 that were photographed had a higher in cidence of embryo deformities (Fig. 2) . However, in Family 10, the inbred offspring of each female had more de formities. When it came to larval deformities, there was no consistency be tween females from Family 8 (Fig. 3) . Family 9 was also inconsistent, with 2 females' inbred offspring having more deformities, while the third female's non-inbred offspring had a higher incidence of larval deformities.
Although highly variable, offspring of unrelated crosses had a significantly higher percent hatch than their inbred counterparts (42.2 ± 7.39% and 33.6 ± 7.20%, respectively; mean ± SE) ( Table 3 , Fig. 4 ). In 5 of the inbred crosses and 4 of the non-inbred crosses only 1 embryo hatched from a single beaker (these larvae were only used to measure time to starvation, not larval size). With an α of 0.05, the only significantly different size measurement was myotome height, where offspring of unrelated crosses had a significantly higher myotome height than their inbred counterparts (F (1, 28) = 7.72, p = 0.01). However, myotome height was not significant after Bonferroni correction (α = 0.01). There was no difference in total body length (F (1, 28) = 2.61, p = 0.118), eye diameter (F (1, 28) = 2.13, p = 0.155), yolk area (F (1, 28) = 0.12, p = 0.736), or jaw length (t (1,18) = 1.87, p = 0.095) measurements either (Fig. 5) . Time to starvation did not differ significantly between inbred and non-inbred crosses (Table 3, Fig. 6 ).
DISCUSSION
The present study is the first to our knowledge that addresses inbreeding in Atlantic cod. Fe males from the in vivo experiment did not collectively favour one type of male, brother or unrelated, over the spawning period. However, the brother in each of the 5 spawning tanks sired embryos, indicating that inbreeding occurred. Given that cultivated Atlantic cod inbreed and that individuals in sea cages spawn, there may be inbred farmed embryos escaping through the cage netting into the environment. Inbreeding has been shown to have a wide range of negative impacts on rainbow trout Salmo gairdneri, Atlantic salmon Salmo salar, carp Cyrinus carpio, and brook trout Salmo trutta, producing offspring that are less fit for survival than their non-inbred counterparts, even after just 1 generation of full-sibling mating (Cooper 1961 , Moav & Wohlfarth 1963 , Ryman 1970 , Aulstad & Kittelsen 1971 , Kincaid 1976a ,b, Mrakov<i< & Haley 1979 , Gjerde et al. 1983 . If that is the case with farmed Atlantic cod as well, and our experiment shows that at the very least inbred cod may face reduced hatching success, should any of the escaped embryos hatch and survive to maturity, which has been documented in Norwegian fjords (van der Meeren et al. 2012) , they may perform poorly. The percent of embryos that hatched from unrelated parents was significantly higher than those that hatched from related parents, though the difference was modest. The same has been seen in inbred rainbow trout, where inbreeding reduced hatch success by 53% (Kincaid 1983) , and in threespine stickleback Gasterosteus aculeatus, where inbred fish had lower fertilization success and decreased hatch success than their non-inbred counterparts (Frommen et al. 2008) . On the other hand, the embryos in our experiment did not face any of the potential stressors that the sea cage or wild environment may present (e.g. temperature changes), which could influence hatch success. These results could mean that of the millions of escaped eggs from the sea cages, fewer would be viable long term. In a species where roughly 1 in a million offspring survive to maturity, stocking the cages entirely with full-sibling fish to ensure that only inbreeding occurs could be a means of reducing the chance that even that 1 embryo will live to interbreed with wild cod. Regardless, some escaped embryos or juvenile fish will escape from the cages and survive to reproduce. Therefore, every effort should be taken to investigate other means of eliminating the negative consequences of escapees on wild populations, and aquaculture escapes in general. It is also important to note that while any resulting offspring would be inbred, the fish stocked in the sea cages would not need to be any more inbred than any other net pen with multiple families of fish, just full siblings.
There are several potential limitations to the in vivo experiment. Along with only being 1 generation removed from the wild broodstock, there could have been physical or behavioural differences between males in a tank, rather than relatedness, that influenced female mate choice. Also, in such small tanks, either male could have released sperm and fertilized eggs regardless of female choice. And finally, only half of the females spawned, reducing the sample size. Males in the study were closely matched by colour, length, weight, and condition factor; however, behavioural dominance through aggressive interactions from one male toward the other may have played a role in male fertilization success (Brawn 1961b , Hutchings et al. 1999 , Rowe et al. 2008 . Future studies may wish to increase the sample size, using fish from different origins and history (particularly a long maintained domesticated broodstock), perform the experiment in sea cages with more potential mates for the females to choose from, and collect embryos from multiple spawning pairs within each tank. In our experiment, while determining that inbreeding occurs among cultivated cod, we did not determine whether or not Atlantic cod have kin recognition; future studies may wish to address this. Some limitations to the in vitro experiment are that deformities were only measured in embryos at the 4-cell stage and larvae at hatch, size measurements were limited to hatch and Day 5, and offspring survival was only measured to starvation. There is the possibility that had the resources been available to rear the larvae and examine deformities, size, and survival of individual offspring on a long-term basis, there may have been some observable difference between those of related and unrelated parents. However, most mortality occurs over the period we measured. One study showed that, in relation to maternal effects on larval body size of cod, variation seen in juveniles was still apparent in offspring nearing 2 yr old (Tosh et al. 2010) . Another study used otolith backcalculations to determine that fast-growing larvae had better chances of survival in the long term (Campana 1996) . Similarly, differing body weights and lengths of sea bass caused by maternal effects were still present at harvest (Dupont-Nivet et al. 2008) . If the larvae were reared for a much longer time, subsequent measurements might show that any initial differences could be an indication of long-term size differences. It might also be worthwhile repeating the experiment with a greater number of families and a higher number of females within each family to determine if there would be a noticeable family effect.
If cages could be stocked with only full-sibling fish, all spawning efforts would result in inbred offspring, which may stand a reduced chance of surviving to maturity in the wild, and reduce 1 potential cause of outbreeding depression in wild cod due to aquaculture. There may be concerns about the genetic homogenizing potential on the receiving wild cod population if large numbers of fish from 1 family escaped from a cage, but as it stood in Canadian cod aquaculture, while there were active cod farms, there was already very little family variation in each cage (G. Nardi, GreatBay Aquaculture, pers. comm.). However, it is still important that research continues to determine ways to prevent escapes. Unrelated to inbreeding, 1 particular area in which stocking cages with 1 family of cod could have a very positive effect is in the ability to trace escaped cod back to specific farms, perhaps encouraging more responsible farming practices.
Had we seen a significantly negative effect of inbreeding on first-generation cultivated cod, additional research would be required to determine whether or not the benefit of reducing escaped embryo survival through inbreeding outweighs the potential negative effects of some intentionally inbred farmed offspring mating with wild cod. However, outbreeding as we examine it in this paper relates to the mating of escaped, non-local farmed fish with local populations of wild cod, and the potential for the hybrid offspring to lack some specific local genetic adaptations, therefore being less fit. One generation of full-sibling inbreeding should not create offspring that are significantly more genetically divergent from wild fish than other farmed fish might be, although future studies could perform more indepth research to confirm this. Much of the available research is on salmonids, the life-history traits of which are very different from those of Atlantic cod.
Some work has already been carried out to mitigate the effects of farmed cod spawning with wild cod. The use of 24 h light exposure in net pens was initiated to halt maturation in cultivated Atlantic salmon and improve farm production (Taranger et al. 1999) . It was very effective with Atlantic salmon; thus, photoperiod manipulation was attempted with Atlantic cod. Had it stopped maturation, not only would farmers have seen increased production, as was the origi- nal intention, but there would have been no escapes through spawning. Unfortunately, photoperiod manipulation did not have the same effect on farmed Atlantic cod maturation (Porter et al. 1999 , Peterson & Harmon 2005 , Taranger et al. 2006 , Trippel et al. 2011a . It did, however, delay spawning by several months, which could mean that embryos may face conditions that are less than optimal for survival (different temperature, availability of food, etc.). Other attempts at reducing farmed cod reproductive efforts have included manipulations of their diet (periodic starvation versus full rations) (Karlsen et al. 1995 ) and triploidy, a process which results in cod with 3 sets of chromosomes, effectively rendering them sterile; this was successful on female cod. Although the males developed testes and sperm, the sperm were aneuploid and therefore sterile (Feindel et al. 2011 ). At present, as long as cod are able to spawn in sea cages, embryos will escape. Genetic markers have enabled the discovery that eggs and yolk sac larvae can disperse at least 8 km from net pens due to tidal currents and hydrographical conditions (Jørstad et al. 2008 ).
The strategy of cages stocked with full-sibling fish, combined with triploidy and photoperiod and diet manipulation, could help minimize the occurrence of genetic introgression through release of embryos by spawning cod. More research is needed to determine what, if any, are the long-term effects of inbreeding on first-generation offspring, as well as further tools to reduce the negative effects of aquaculture on wild Atlantic cod populations. 
